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As much as 50% of ageing-related problems with concrete structures can be attributed to con-
struction deficiencies at the time of placement. The most influential time affecting longevity of
concrete structures is the curing phase, or commonly the initial 28 days following its placement. A
novel advanced atomistic analysis of novel concrete chemistry is presented in this dissertation with
the objective to improve concrete structural properties and its longevity. Based on experiments and
computational models, this novel concrete chemistry is discussed in two cases: (a) concrete chem-
istry changes when exposed to low-dose gamma radiation in its early curing stage, thus improving its
strength in a shorter period of time then curing for the conventional 28 days; (b) concrete chemistry
is controlled by its atomistic components to assure strength is not reduced but that its activation
due to long-term exposure to neutron flux in nuclear power plants is negligible. High dose gamma
radiation is well documented as a degradation mechanism that decreases concrete’s compressive
strength; however, the effects of low-dose gamma radiation on the initial curing phase of concrete,
having never been studied before, proved its compressive strength increases. Using a 137Cs source,
concrete samples were subjected to gamma radiation during the initial curing phase for seven, 14,
and 28 days. The compressive strength after seven days is improved for gamma cured concrete by
24% and after 14 days by 76%. Concrete shows no improvement in compressive strength after 28
days of exposure to gamma radiation, showing that there is a threshold effect. Scanning Electron
Microscopy is used to examine the microstructure of low-dose gamma radiation where no damage
to its microstructure is found, showing no difference between gamma cured and conventionally
cured concrete. Molecular dynamics modeling based on the MOPAC package is used to study how
gamma radiation during the curing stage improves compressive strength of concrete. The modeling
shows that when radiolysis occurs in freshly mixed concrete, the reactivity between key molecules
responsible for bonding between cement and aggregate is enhanced due to improved reactivity at the
molecular level. A new method is developed that successfully controls a concrete chemistry at the
atomistic level by assuring its long-term exposure to neutron flux in nuclear power plants will not
activate the dome wall to the level of low-level radioactive waste. This methodology is established
to detect and select the level of trace elemental composition in concrete based on a low-flux neutron
activation analysis (NAA). By carefully selecting aggregates that do not contain certain elements
that activate to high concentrations after decades of concrete exposure to neutron flux, the end of
life for concrete is improved by declassifying it as low-level radioactive waste. Directly, it improves
economy of commissioning nuclear power plants to be built in near future and reducing important
quantities of waste to be disposed at high costs.
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Concrete has widespread use in the nuclear industry and serves several purposes. These pur-
poses include use as biological shielding, containment structures, physical security, protection of
equipment, cooling towers, spent fuel pools, and general infrastructure support. The International
Atomic Energy Agency (IAEA) states that the service life for nuclear power plants was originally
estimated to be 35-40 years [1]. As such, plants were designed with a useful life of 40 years. For
economic reasons, many plants have had licenses extended beyond their original 40 year licenses to
operate up to 60 years.
The extension of design life for nuclear power plants means that many concrete structures face
ageing challenges. Concrete is inherently resistant to ageing; however, due to human error and
environmental factors, it faces numerous degradation mechanisms [2]. Several different degradation
mechanisms that can shorten the useful life of concrete and cause it to underperform its design
specifications are outlined in Table 1.1.
Many concrete structures in the nuclear industry are of such importance that they cannot simply
be torn down and replaced when they have reached the end of their useful life. Studies conducted
by the IAEA and the Electric Power Research Institute (EPRI) have found that over 50% of ageing
problems are due to construction deficiencies or human error [1, 2]. It follows therefore that if
concrete structures cannot be replaced and if over 50% of ageing problems are due to construction
deficiencies, then concrete must be improved upon at the time of placement. A period of 40-60
years into a structure’s lifetime is too late to make the necessary changes to ensure safe and reliable
operation of nuclear-related concrete structures. The research presented in this dissertation focuses
on an advanced atomistic analysis of concrete chemistry to improve it at the time of construction.
Doing so will extend its life cycle and ensure safety for 80-100 years. The goal of this research is
not to address every degradation mechanism outlined in Table 1.1 but rather to improve concrete at
the molecular level.
21.1 Objectives
The novel concrete chemistry is developed and analyzed in two major cases: when concrete is
exposed to low gamma radiation during its curing phase, and its resistance to neutron activation
during long-term exposure such as in nuclear power plants. The specific objectives of this research
are as follows:
1. Improve concrete structural properties: its strength, longevity, and durability [3, 4]
2. Determine how concrete chemistry changes when it is exposed to low-dose gamma radiation
during its early curing stage [3, 4]
3. Develop a concrete chemistry to ensure that concrete activation from long-term neutron flux
exposure in nuclear power plants is negligible [5]
1.2 Organization of Dissertation
In Chapter 2, an improved method to curing concrete is presented using low-dose gamma ra-
diation during the early stages of concrete curing. Chapter 3 uses Molecular Dynamics (MD)
modeling to study how gamma radiation in the curing stage improves compressive strength of
concrete. Chapter 4 presents a detailed methodology to control concrete chemistry at the atomistic
level by assuring long-term exposure of concrete to a neutron flux in nuclear power plants will
not activate above the level of low-level radioactive waste. Chapter 5 concludes the research and
discusses opportunities for future work.
3Table 1.1: Degradation conditions and mechanisms that affect concrete in the nuclear industry as
well as the effects from the degradation conditions
Degradation Conditions Degradation Mechanisms Degradation Effects
Cyclic loading Fatigue Cracking and loss
and unloading of strength
Radiation Expansion of aggregate, Internal cracking, loss of
internal heating sterngth, water ingress
Thermal exposure Freezing and thawing Internal and external
spallation, cracking
Foundation settlement Uneven concrete settlement Cracking
Reactive aggregates Alkali-Silica-Reactions Internal cracking, loss of
(ASR), aggregate expansion strength, water intrusion
High sulfate environment Sulfate attack Internal and external
cracking, loss of strength
CHAPTER 2
EFFECTS OF GAMMA RADIATION INDUCED
FORCED FORMATION OF FREE RADICALS
ON THE STRENGTH OF CONCRETE FOR
USE IN NUCLEAR POWER PLANTS1
2.1 Abstract
In this paper, we present a summary of preliminary experiments and numerical assessments of
the effects of gamma radiation induced formation of free radicals in the curing stage of concrete on
its characteristics. Substantial literature reports on the damaging effects of long-term and high-dose
gamma and neutron exposure on concrete. However, we show that short-term exposure of concrete
to gamma radiation can be beneficial in increasing its compressive strength. The effects of exposing
to 630 MBq 137Cs the 56 cubes each made of 125 cm3 concrete during the first seven days of curing
are compared to another 56 cubes cured by the conventional process. The average compressive
strength of the gamma cured cubes is around 8,500 psi, while conventionally cured cubes show the
lower average strength of around 6,700 psi. The microstructure of the gamma and conventionally
cured concrete cubes is analyzed using a scanning electron microscope. The radiolysis within the
microstructure of the concrete cubes is assessed with computational modeling based on Geant4. The
production of free radicals from radiolysis is shown to increase with increasing source strength and
increasing the time of exposure to gamma radiation. This research shows in general that curing
concrete in gamma radiation field provides observable trends toward its increased strength.
2.2 Introduction
Concrete is a composite mixture of water, cement, and coarse and fine aggregates. Cement
is a fine powdery material made primarily of limestone, acting as a binder to hold the concrete
mixture together. Aggregates vary widely in composition and are locally dependent, for example
1Steven Burnham, Quentin Faure, Michelle Tamplin, Long Huang, and Tatjana Jevremovic, “Effects of Gamma
Radiation Induced Forced Formation of Free Radicals on the Strength of Concrete for Use in Nuclear Power Plants”,
Submitted to Progress in Nuclear Energy, October 10, 2016
5they can be limestone or quartz based. All aggregates are generally smaller than 1.5 inches in size.
Fine aggregates are generally classified as particles that pass through a 3/8-inch sieve. Aggregates
account for 60-75% of the total volume of a concrete mix. Cement absorbs water; when mixed
with water, a hydration process causes a formation of a gel known as Calcium-Silicate-Hydrate,
or simply C-S-H [6]. The formation of C-S-H is highly amorphous and is represented by the
general formula: CaOxSiO2H2Oy where x and y both vary over a wide range with the calcium
to silica , c/s, ratios typically between 1 and 2 [6]. Two common forms of C-S-H are the Jennite
mineral Ca9Si6O18 8H2O, and Tobermorite Ca5Si6O16(OH)2 4H2O. The formation of C-S-H gel
gives a concrete its high compressive strength in serving as a link between the aggregates and the
cement paste. The force of attraction between the cement paste is attributed to the Van der Waals
forces [7]. Van der Waals forces are weak intermolecular attraction forces; the electron cloud of
an atom can, by chance, become concentrated in one region of an atom or molecule, thus causing
a momentary polarity of an atom. This can lead to a cascading effect where other nearby atoms
or molecules experience a momentary polarity. The positively and negatively charged regions can
then be attracted to each other. The resultant force of attraction is weak, but taken together on a
large scale, the forces can combine to be significant [8]. The attraction is the result of positive and
negative polarity of molecules.
Due to its versatility, concrete is the most commonly used construction material in the world [9].
As such, concrete is very widely used in the nuclear industry both as a building material as well as
a radiation shielding material. For the current Generation II fleet of the power reactors in operation,
concrete is used for containment domes as well as biological shields. In the event of an accident,
large containment structures made of concrete and steel are designed to reduce the radiation to the
environment and reduce or stop the spread of fission products beyond the containment volume. The
concrete integrity is therefore of paramount importance for continuous and sustained operation of
nuclear power plants. For example, in the Crystal River Nuclear Power Plant, the concrete of the
containment structure cracked on multiple occasions. This resulted in the premature closing of the
nuclear power plant [10]. Newer reactors of the Generation III are built based on the Generation II
technology but with improved efficiency and safety. As a result, concrete is heavily used for both
biological shields and containment structures. The European Pressurized Water Reactor (EPR) uses
additional concrete to protect the containment vessel. In the event of an accident, a layer of sacrificial
concrete is used to catch a melting core and provide it with enough time to cool, thus protecting
the overall containment structure [11, 12]. The Generation IV reactor [13, 14, 15] designs such as
the sodium-cooled fast reactor, gas-cooled fast reactor, lead-cooled fast reactor, and supercritical
water-cooled reactor are in various stages of the design phases [14, 15, 16], in which concrete will
6still be used as a construction material for the reactor containment building and biological shields.
Generation IV reactor designs have an increased focus on safety but will undoubtedly require robust
containment structures in the event of a nuclear accident [15] and terrorism [17].
The main concrete property that measures the structural quality is its compressive strength. It
depends on the water-to-cement ratio and the concrete curing time. Concrete compressive strength of
commercial structures ranges between 3,000 and 12,000 psi while for the cast-in-place buildings, the
strength usually ranges between 3,000 and 6,000 psi. The design criteria for compressive strength of
concrete used in nuclear power plants’ structures is defined in ACI 349-06 – Code Requirements for
Nuclear Safety-Related Concrete Structures [18]. When concrete is exposed to extreme conditions
such as chloride exposure, salt, or seawater, it must have a minimum compressive strength of 5,000
psi. Concrete that is exposed to less extreme environments can maintain a minimum strength of
4,000 psi2.
The tensile strength of concrete is a measure of a structure’s cracking under the load, and thus
it is more important in designing highways and airfield slabs rather than a nuclear power plant’s
containment. It is usually defined to be 10 – 15 % of the compressive strength of concrete. For
this reason, tensile strength is most often neglected in structural concrete building designs [18].
Reinforcing steel is used within concrete structures in order to accommodate for the lack of tensile
strength.
There is substantial literature speaking of the damaging effects of radiation on concrete that is
related to a long-term exposure of concrete to gamma and neutron irradiation in nuclear power plants.
The most common elements in a concrete mix are Ca, Si, H, and O. In interacting with neutrons of
low or high energies, the most probable interaction types are neutron elastic scattering and radiative
capture. As a result, atoms (nuclei) in the solid lattice of concrete are dislocated; however, this
defect will not accumulate in the cement portion of concrete mix due to its imperfect crystalline
structure. However, dislocation of atoms in aggregates will accumulate and can cause expansion
that is the reason for observed cracks in the concrete structure. This in turn affects the strength of
concrete. Therefore, concrete’s resistance to neutron radiation decreases with a decrease of concrete
aggregates resistance to neutron exposure. It is shown in numerous studies that neutron radiation
with a fluence over 1019 n/cm2 may cause a noticeable increase in its volume, and therefore reduce
concrete compressive strength. Due to specifics of neutron interactions with various nuclei in the
concrete mix, an overall resistance of concrete to neutron radiation strongly depends on concrete
mix proportions, type of a cement, and type of aggregates.
21 Psi is one pound of force acting on one square inch; 1 Psi is equivalent to 0.00689475729 MPa.
7The lattice structure of the many different elements present in concrete are disordered due to
gamma and neutron interactions in increasing concrete susceptibility to alkali silica reactions (ASR).
Traditionally, aggregates in concrete that contain reactive silica will react with the highly alkaline
environment of hydrating cement. This causes the aggregate to swell and in turn generates internal
pressure within the concrete that can cause severe degradation [6]. In general, the radiation damage
of the crystal lattice of otherwise unreactive aggregates has been shown to cause them to become
reactive and induce ASR [19]. In order for radiation to cause damage in concrete in a measureable
degree, high radiation doses of 107-1011 Gy of absorbed dose are found to be necessary [19, 20].
Therefore, the ASR can severely degrade the concrete and decrease its compressive strength.
The interaction of gamma rays or neutrons with elements in any media will result in energy
transfer and therefore generation of heat. It has been previously shown that radiation can lead
to an increase in temperature of an interacting medium as high as 250°C while the threshold for
degradation of concrete is only 95°C [21].
Of interest to this paper is how gamma ray interactions with concrete that are studied only as a
damaging effect due to long-term exposures can be beneficial when used in non-matured concrete,
during its curing time. The following Section 2.5 summarizes the main effects of gamma rays in
interacting with concrete, and Section 2.6 describes our experimental data on the effects of gamma
rays on the curing concrete.
2.3 Effects of Gamma Rays Irradiation on Concrete
Characteristics
2.3.1 Effects of Gamma Rays Induced Radiolysis of Water
on Concrete
Literature indicates that long-term exposure to gamma (and/or neutron) irradiation reduces both
tensile and compressive strengths as well as themodulus of elasticity of concrete structures of nuclear
power installations. Specifically, a gamma dose on the order of 108 Gy may cause a reduction
in concrete compressive strength. The most important interaction is with water in concrete that
produces water radiolysis in cement paste. A consequence of this process likely causes the creep
and shrinkage of concrete. As much as shrinkage is detrimental to matured concrete structures, we
show in this paper that it has an incremental advantage if induced during the early development
(curing) of concrete. In other words, the experimental results provided in the next section show
gamma ray induced radiolysis of water during the early curing of concrete and show that the overall
strength of the curing concrete may increase. The potential heating caused by these interactions
show no effects to the formation of concrete and therefore its strength.
In general, a response of any composite (mixture) material to irradiation directly depends on
8the responses of their components. Similarly, resistance of concrete to irradiation of any type (most
important are gamma and neutron irradiation) depends directly on the resistance of the concrete’s
components. The most important is the effect of gamma interactions with water causing it to be
decomposed by radiolysis into hydrogen and hydrogen peroxide, which in turn decompose into
water and oxygen. The initial radiolytic step is described with3 [23]:
H2O
ionizing radiation           ! e aq; HO; H; HO2; H3O; H3O+; OH ; H2O2; H2 (2.1)
These complex species formed within concrete pores interact with themselves as well as with
the elements present in aqueous solution of cement and water. Many of the products can react with
each other causing recombination back to water known as back reactions. The process of radiolysis
can also create products such as hydroxide that are found in Tobermorite and Jennite, two forms of
C-S-H. The radiolysis of water in concrete leads to the formation of free radicals that are formed
in small clusters, the spatial distribution of which is characteristic of the energy of the ionizing
radiation [24]. For example, gamma induced low-energy electrons in concrete form radicals at high
concentrations along a travel track. High-energy electrons form regions of low radical density. The
low density allows for the radicals to diffuse and react with solutes in water [24]. In the case of
concrete, they react with Ca or Si that are in the solution, thus forming these products of hydration.
One scenario explaining a creation of free radicals in concrete is illustrated in Fig. 2.1.
2.3.2 Effects of Gamma Rays Induced Heating on Concrete
Exposure of concrete to heat is categorized in three fundamental ways: effects on the hydrated
cement paste, effects on the aggregates, and effects on the concrete as a whole. Cement mixed with
water leads to the so-called hydration process that creates the products such as C-S-H. As it forms,
it traps a free water and forms capillary voids. When concrete is subjected to heat, the C-S-H begins
to release that water. In a concrete that is porous, the formed steam is released from its pores. In a
concrete that is denser, this formed steam has no place to go and therefore results in the formation
of an internal spalling, weakening the internal structure. Very high temperatures are required to
dehydrate the C-S-H. For example, at temperatures of 500°C, the C-S-H begins to dehydrate and
decompose with its full decomposition starting at around 900°C [7]. Hydration of cement is an
exothermic reaction producing up to 500 J/g cement [25]. In most instances, the heat is able to
be transferred to its surroundings. Large concrete structures can present challenges due to the low
thermal conductivity of concrete. It can act as an insulator and the interior body of the concrete can
3The term e-aq refers to the initial free electron produced through the interaction of a gamma ray with a water molecule.
This electron is captured by a water molecule and becomes solvated, being referred to as an aqueous or solvated electron.
The solvated electron can react with H+ to form the hydroxyl radical [22].
9see a rise in temperature greater than 55°C [25, 26]. Instances where there is a large increase in
temperature can cause the concrete to expand and then contract nonuniformly, causing premature
cracking and internal stresses [26]. The heat of hydration can be mitigated by slowing the hydration
process and allowing for dissipation of heat. This is accomplished using the so-called set-retarding
admixtures [7]. Accelerating the hydration process too much, however, can cause excessive internal
heating even in small structures that might not otherwise be affected by the heat of hydration.
The effects of heat on the aggregates in concrete are similar to hydrated cement paste. Porous
aggregates have their water converted to steam. In a low porosity environment, the steam will create
internal pressure and cause the aggregate to crack and lose strength. Other specific types of aggregate
can have varying effects. Granite and sandstone that are high in silica will undergo a phase change
at 573°C that causes sudden expansion [7]. An expansion of aggregate causes increased pressure
within the entire concrete structure forming cracks. The cracks will weaken the bond between the
aggregate and hydrated cement, thus decreasing compressive strength.
The effects of heating on both the hydrated cement and aggregate combine to affect concrete in
a negative manner. It was demonstrated [27] that concrete exposed to temperatures over 800°C for
even a short duration of time can reduce 40% of its strength.
Radiation heating of concrete can also have negative effects in the form of both shrinkage and
expansion [28]. As stated earlier, when the hydrated C-S-H is heated, the internal water is released
in the form of steam. This process causes the C-S-H to lose its volume. On the other hand, the
aggregate can expand as a result of its lack of porosity not allowing the water to escape as easily.
Larger aggregate sizes create a mismatch in size with the shrinking C-S-H resulting in less surface
area contact and decreasing the overall strength on the concrete mix.
The amount of heating generated due to gamma rays interaction with anymaterial can be approx-
imated by taking into account the energy absorbed by the material (absorbed dose) and the specific
heat capacity of the material, as follows [29][30]:
Q = cT (2.2)
where
Q = energy absorbed or absorbed radiation dose by amaterial (J/g)
c = specific heat capacity of amaterial or the energy required to raise the temperature by 1C
(1J/gC for fresh concrete; determined experimentally )
T = change in temperature of thematerial absorbing radiation (C)
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For example, if a fresh concrete mixture is exposed for seven (7) days to a 137Cs source of
intensity of 630 MBq, corresponding to absorbed dose of 0.746 J/kg, it follows that increase in
concrete internal temperature due to gamma ray interactions is negligible:
T =
7:46 10 4J/g
1J/g°C = 7:46 10
 4°C (2.3)
2.4 Effects of Gamma Radiation on Concrete Characteristics
During Its Early Stage of Curing
This section describes the experiment we have developed to assess if the curing concrete ex-
posed to gamma rays develops with enhanced strength and to understand what processes may be
responsible for such a finding.
2.4.1 Experimental Setup to Gamma Curing Process
Based on the process of radiolysis of water within concrete (described in Section 2.1) as well
as on understanding some of the known structures of C-S-H gel, we explored the possibility that
short-term exposure of concrete to gamma radiation can enhance the curing phase and lead to its
increased strength. In the experiment, we exposed curing concrete in a controlled environment
(temperature and humidity) to a 137Cs source for the first seven days after it was mixed. The concrete
mixtures were controlled to ensure consistency among the concrete cubes within accepted laboratory
practices. The experiment included:
• Measuring the absorbed radiation dose to concrete cubes exposed to a 630 MBq 137Cs source
for seven (7) days. A 137Cs source was chosen because it is a mono-energetic source emitting a
single 662 keV gamma ray. The activity of 630 MBq was chosen based on source availability in our
laboratory and it has been chosen to not be too weak and not be too strong.
• Measuring the compressive strength of gamma cured versus conventionally cured concrete
after seven (7) days of curing.
• Analyzing the changes in the microstructure of concrete cubes in relation to the measured
compressive strength.
• Analyzing if gamma heating causes any micro or macro structural changes within the concrete
cubes.
• Determining the rate at which free radicals are produced within the micro pores of concrete
and their correlation to concrete strength.
Several batches of the same concrete mixture were developed in the laboratory of the Utah
Nuclear Engineering Program during the months of February and March, 2016 with the following
content: 0.4 water to cement (w/c) ratio with only fine aggregates (sand) mixed in a 2.75 sand
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to cement (s/c) ratio. Procedure for mixing the concrete cubes is outlined in ASTM Standard
C192/192M – Making and Curing Concrete Test Specimens in the Laboratory [31]. Due to the
fineness of the aggregates used, concrete cubes of 125 cm3 in volume are cast and used for the
compressive strength testing. The ASTM C192/192m procedure is followed, but concrete cubes
are demolded after only five (5) hours of curing time, because we were testing the effects of gamma
radiation on concrete during the very early stages of curing. Therefore, the test cubes were demolded
as soon as they were able to hold their form on their own and thus be placed in the gamma irradiator.
After demolding, both sets of concrete cubes are cured in dry air for a period of seven days. One set
was exposed to a 630MBq source during the entirety of the seven days while the other set of concrete
cubes was not exposed to any radiation other than naturally occurring background radiation.
Although preliminary analytic estimates show that exposure of concrete to 630 MBq 137Cs
source for seven (7) days will not generate any excess heat within the concrete (Section 2.2), we
also examined if gamma heating would be generated in the concrete cubes in any observable way
and compared it to the effects that heat may produce as follows: one set of cubes was cured in dry
air and exposed to the same 630 MBq source, while the second set was cured in dry air with no
exposure to this same source. Additionally, a third and fourth set of cubes was cured in an oven:
one set at 95°C and the other at 120°C.
2.4.2 Gamma Rays Absorbed Dose Within the Concrete Cubes:
Experimentally Measured and MCNP6 Estimated
The absorbed dose due to gamma ray interactions within the concrete cubes was both calculated
and determined experimentally.
The exact experiment layout is shown in Fig. 2.2. (a), while theMCNP6model of the experiment
is shown in Fig. 2.2. (b). As can be seen, the isotropic 137Cs source with gamma energy of 662 keV
is placed in the center of the 12 125 cm3 volume concrete cubes.
2.4.2.1 MCNP6 values
In general, when using MCNP6 (Monte Carlo N-Particle) [32], the absorbed radiation dose is
calculated using the F6 tally. The absorbed dose is obtained to be 66 cGy for the concrete cubes
exposed for seven days to a 137Cs 630 MBq source. Figure 2.3 shows the absorbed dose map, based
on calculated and measured values. It can be seen that the calculated dose is the same for every
concrete cube. This is because the MCNP6 geometry is perfectly symmetrical, the isotropic 137Cs
source is located exactly in the center with all cubes located at the exact same distance from it. In the
experiment, however, the position of the source and the cubes are not as perfect and the discrepancy
in the dose values is therefore expected (as explained below).
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2.4.2.2 Experimental values
A Landauer nanoDOT [33] system is used to measure the absorbed dose in the concrete cubes
(Fig. 2.2 (a)). The nanoDot system is known to have a linear response up to 3 Gy of exposure
and is accurate to within 5% for an energy range of 5 keV to 20 MeV [33]. The nanoDots used
in this experiment were previously used and therefore were irradiated but had only accumulated a
dose of 1.5 Gy or less. The low dose accumulation provided assurance that they will be suitable for
further use since the total cumulative dose will not exceed 3 Gy. The linear response of the nanoDots
was verified by exposing three nanoDots to 1 Gy from a 6 MV x-ray source. An additional three
nanoDots were also exposed to a dose of 2 Gy from the same 6 MV x-ray source. The experiment
layout is shown in Fig. 2.4. The total cumulative dose is thenmeasured to test the linear response and
accuracy of the measurement when the nanoDots are reused. Two nanoDots are placed on the front
and back of each of the concrete cubes prior to exposure to the 137Cs source. The measured dose
of the nanoDots indicated that the dose response was linear as expected and accurate, making the
nanoDots suitable for re-use. The dose response is then tested by exposing the nanoDots to the 630
MBq 137Cs source. Four nanoDots with accumulated dose from previous experiments were placed
on the front of a concrete cube as shown in Fig. 2.5. The dose to each of the nanoDots is measured
and the initial dose is subtracted from the total cumulative dose to determine the total exposure to
each of the nanoDots. The average absorbed dose was 74.6 cGy. Table 2.1 shows the measured dose
values for each of the nanoDots. The measured dose is also compared to theMCNP6 calculated dose
of 66 cGy. Table 2.1 shows that the nanoDots responded correctly after exposure to a 630MBq 137Cs
source for seven days making them accurately suitable for the use in this experiment.
The absorbed dose was measured for two different concrete cube mixes: the first consisting of
six cubes made of only water and cement (cement paste) at a proportion of 0.4 w/c as stated earlier,
and the second consisting of six cubes where sand was added at a ratio of 2.75 s/c. On each of
the twelve cubes, two nanoDots are placed at the side directly facing the 137Cs source and two are
placed on the rear face directly opposite, shown in Fig. 2.6. After seven days of exposure, the dose
to each of the nanoDots was measured. The dose of each nanoDot on the rear face was subtracted
from the measured dose of the nanoDot on the front face of the concrete cubes to obtain the total
dose absorbed by the concrete cubes itself.
Cement paste cubes 1, 2, and 3 (see Fig. 2.3) received absorbed doses higher than cubes 4, 5,
and 6. This is explained by the slightly off center position of the 137Cs source, making it closer
to cubes 1, 2, and 3 and further away from cubes 4, 5, and 6. Cubes 5-10 most closely match the
distance of the 137Cs source in the MCNP6 simulation of 11 cm. This is reflected in that they also
most closely match the calculated dose rates shown in Fig. 2.3. Those cubes that were closer to the
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source as a result of it being placed slightly off center had higher absorbed dose rates. The average
absorbed dose to the sand and cement cubes is found to be 69.1 cGy while the average of the cement
cubes is found to be 85.5 cGy. These values are compared to an MCNP6 calculated value of 66
cGy. The sand and cement cubes (7-12) are generally closer to the 11 cm distance of the source in
the MCNP6 model while the cement cubes (1-11) are even closer to the source, causing a higher
average absorbed dose. The absorbed dose values for all 12 cubes are shown in Table 2.2.
2.4.3 Comparison of Compressive Strength Between the Gamma Cured
and Conventionally Cured Concrete Cubes
Compressive strength testing is performed on only the sand and cement cubes according to the
proportions and time frame outlined in Section 3.1. The sand and cement mixtures more accurately
represent the concrete mixtures used in construction. The cubes that were used in the dose mea-
surement experiment were not tested for compressive strength. During the placement and removal
of the OSLDs, the cubes became too damaged to accurately test for compressive strength. As a
result, a total of 120 concrete cubes from five separate batches of concrete cube mixes are tested
for compressive strength. Each batch consisted of 12 cubes marked for gamma curing and 12 cubes
marked for conventionally curing. Occasionally, a few cubes from each batch would stick to the
molding and become damaged in such a way that they had to be discarded. This occurred in batches
4 and 5 of both the gamma cured and conventionally cured cubes. In total, 112 cubes were tested for
compressive strength. Half of the cubes (56) are gamma curedwhile the other half are conventionally
cured. Compressive strength testing is performed in the University of Utah Structures Laboratory
using an INSTRON universal testingmachine [34] with computer controlled loading rate. All testing
is performed in accordance with ASTM standard C109 – Standard Test Method for Compressive
Strength of Hydraulic CementMortars [35]. Each of the cubes is loaded into the INSTRONmachine
applying a loading rate of 200 lb/s in accordance with ASTM C109. The compressive strength of
each cube is shown in Fig. 2.7.
The average compressive strength of the gamma cured concrete is 8,563 psi while the average
compressive strength for the conventionally cured concrete is 6,710 psi. A t-test4 is performed to
compare the gamma cured cubes to the conventionally cured cubes in order to analyze the closeness
of the two data sets. The resultant p-value5 from the t-test is 1.26x10-12, indicating that the two data
sets are dissimilar and the overall compressive strength of the gamma cured concrete is higher than
4A t-test is a statistical test used to compare different sets of data in order to determine if they are the same or
significantly different from each other.
5The p-value represents the probability from the t-test that the two data sets being compared are the same.
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the conventionally cured cubes. The gamma cured cubes also exhibited a lower average standard
deviation (405.4 psi) compared to the conventionally cured cubes (592.04), indicating greater con-
sistency in each of the batches when gamma cured. The only exception is batch E where the gamma
cured had a standard deviation of 481 psi while the conventionally cured had a standard deviation
of 401 psi. The average compressive strength of batch E of the gamma cured (9,700 psi) is still
higher than the average compressive strength of batch E of the conventionally cured (8,430 psi). It
is anticipated that with more testing, the majority of the batches will follow the trend of having both
a lower standard deviation and higher average compressive strength and that batch E will be shown
to be an anomaly.
2.4.4 Analysis of the Concrete Cubes Micro Structure Using the
Scanning Electron Microscope (SEM)
The crushed remains of the concrete cubes from batch E (11 gamma cured and 11 conventionally
cured cubes) are collected and sealed in plastic bags after compressive strength testing for analysis
using SEM. In the Crus Advanced Materials Technology Center at the University of Utah, a Hitachi
S-4800 SEM is used to examine the microstructure of the concrete cubes in order to correlate the
difference in their compressive strength values (batch E, as shown in Fig. 2.7). The compressive
strength of the gamma cured and conventionally cured cubes from batch E shown in Fig. 2.7 are
shown in greater details in Fig. 2.8. The microstructure of the gamma cured concrete cube with
the highest compressive strength of 10,662 psi, concrete cube 8 shown in Fig. 2.8(a), and the
microstructure of the conventionally cured concrete cube with the highest compressive strength of
9,396 psi, concrete cube 11 shown in Fig. 2.8(b), is compared. The SEM images of these two
cubes are shown in Fig. 2.9. Both cubes are similar in showing a low void ratio. The void ratio
is represented by the dark areas in the SEM images. A lower void ratio means that there is more
contact between the C-S-H and the aggregate, causing an increase in strength.
The concrete cubes from batch E with the lowest compressive strength as shown in Fig. 2.8
(gamma cured concrete cube 10 with compressive strength of 8,378 psi and conventionally cured
concrete cube 1 with compressive strength of 7,528 psi) are also compared using the SEM and the
images are shown in Fig. 2.10. Both cubes show similar SEM images with a low void ratio and
well-developed C-S-H.
From these SEM image analyses, it appears that the gamma and conventionally cured concrete
are shown to be similar in their void ratios as well as their development of C-S-H for both the cubes
with high and with low compressive strength. The analysis suggests that for short-term exposure to
gamma radiation and absorbed gamma doses of less than 1 Gy (Fig. 2.3), no significant or visible
changes occur to the microstructure of concrete. The lack of change in the microstructure suggests
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that the increase in strength observed in the gamma cured cubes is likely due to changes occurring
at the molecular level and interactions taking place between free radical formation and the products
of hydration formed during the early curing stages. The complexity of C-S-H is not well understood
[36]. The SEM analysis is only able to provide visual structure of the concrete at the micro level.
Our future research, already on-going, is addressing this issue.
2.4.5 Effects of Gamma Rays Induced Heating on Concrete Microstructure
Gamma radiation cured concrete cubes are also compared to cubes that are cured in a high
temperature environment in order to assess if the analytical estimates (Section 2.2) compared to the
experiment. As described in Section 2.4.1, heat can cause damage to concrete at temperatures as low
as 95°C. The same concrete mix as described in Section 2.4.1 is used to analyze the effects of high
temperature on the microstructure using SEM. The SEM images are then compared to those of the
gamma cured cubes in order to compare if any gamma heating may be taking place. Twelve concrete
cubes are cured using gamma radiation in the same manner as described in Section 2.4.1. Eleven
cubes are cured in an oven at 95°C, while six (6) cubes are cured in the oven at 120°C. The number of
cubes in each batch is dependent on the number of concrete molds available in the laboratory at the
time of mixing. The two temperatures were chosen based on a literature survey [21] indicating that
the damage to concrete can occur at temperatures at and above 95°C. A slightly higher temperature
of 120°C was also chosen since it is high enough above the boiling point of water that dehydration
and steam formation within the pores is expected to be therefore accelerated. A batch of six (6) cubes
is used as a control and they are cured in dry air at 23°C with no exposure to radiation and are mixed
according to the same standards as described in Section 2.4.1. All cubes are tested for compressive
strength using the same method as described in Section 2.4.3. The crushed cubes are then saved
for SEM analysis. The measured compressive strength is shown in Fig. 2.11. The compressive
strength of the gamma cured cubes is compared to the cubes cured in the oven, and control cubes,
using a t-test. The resultant p-values for the gamma cured compared to the heat cured concrete cubes
at 95°C, 120°C, and the control at 23°C are 0.025, 0.069, and 0.04, respectively. These p-values
indicate that the gamma cured cubes still exhibit a higher overall compressive strength than those
cured using heat or the control set.
The microstructure of the concrete cubes with the highest compressive strength from batches A,
B, and C (Fig. 2.11) are shown in Fig. 2.12. These are cubes 6 (batch A, gamma cured), 1 (batch
B, heat cured at 95°C), and 1 (batch C, heat cured at 120°C). The gamma cured and heat cured cube
at 95°C are nearly identical in appearance having small voids with well-developed C-S-H. The heat
cured cube at 120°C has C-S-H in similar appearance but has one large void that may be a result of
greater dehydration due to the elevated temperature.
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The cubes with the lowest compressive strength are also compared as shown in Fig. 2.13. From
Fig. 2.11, these are cubes 5, 10, and 6 for the gamma cured (batch A), heat cured at 95°C (batch B),
and heat cured at 120°C (batch C), respectively. Similar to the cubes with the highest compressive
strength, the gamma cured and heat cured at 95°C exhibit comparable features with a low void ratio
and well-developed C-S-H. The cube cured at 120°C also has features similar to cube 1 which has
the highest compressive strength as shown in Fig. 2.13(c).
In Section 2.3.2, it was shown that the gamma source used for this experiment does not cause any
significant change in temperature in the concrete cubes. From the SEM analysis comparing gamma
and heat cured concrete cubes, it is shown that even if heating is to occur to a degree that damage
has been shown to occur [23] (>95°C), seven days is not enough time to disrupt the microstructure
within the concrete cubes.
2.5 Geant4 Simulation of Free Radical Formation
Within Concrete
To better understand the radiolysis occurring within themicropores of the gamma cured concrete,
Geant4 [37] is used to simulate the formation of free radicals as well as the rate at which they are
formed. The chem2 example provided in the Geant4-DNA toolkit [38, 39] is used as a base for
this simulation. The chem2 module simulates radiolysis and its associated reactions. The material
definition of the world is set to portland cement and water at a w/c ratio of 0.4. Porosity is simulated
by homogenously distributing water in a volume of portland cement. A porosity value of 14% is
used based on literature values for a 0.4 w/c mix ratio [40]. The geometry accurately replicates the
laboratory experiment in Fig. 2.2, a 125 cm3 cube composed of cement and water and placed 11
cm from a 137Cs source. The Geant4 model is shown in Fig. 2.14. Three different source strengths
of 37 MBq, 630 MBq, and 1,260 MBq with four different exposure times of one hr, 12 hr, one day,
and seven days is simulated. The total production of free radicals in moles/s is shown in Figures
2.15-2.17.
The simulation shows that as both time of exposure and source strength increases, the production
of free radicals also increases. Free radical production does, however, begin to taper off with
increasing time and source strength. The difference between seven days of exposure at 630 MBq
and 1,260MBq is not twice as much, despite the source strength being twice as strong. This suggests
that the benefits of increased strength from gamma curing might also begin to taper off and a source
twice as strong may not offer any increased benefit. The free radical production also begins to taper
off with time of exposure. The results support the idea that gamma exposure is most beneficial
during the early stages of curing.
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2.6 Conclusion
Substantial literature documents how both gamma and neutron radiation have degrading effects
on concrete over time periods of several decades of exposure. The C-S-H, a product of hydration
within concrete, acts as a binder for all the concrete constituents. Radiation can cause heating within
the internal concrete structure and cause the C-S-H to dehydrate and lose its strength. The process
of dehydration from radiation can be caused by two mechanisms: gamma heating and radiolysis.
Dehydration of C-S-H causes shrinkage and therefore a loss in volume. The shrinking C-S-H has less
surface area to bond to aggregates, creating an overall decrease in overall strength of the concrete.
Heat can also cause internal stress in aggregates as the water contained in their pores is converted
to steam. The internal pressure causes cracking and a loss of strength. The structure of C-S-H
can vary widely and exists in many forms such as Jennite and Tobermorite. When gamma rays
interact with water, radiolysis will occur, forming free radicals such as H+ and OH-, the formation of
which may be beneficial to concrete’s compressive strength. We presented the results of short-term
gamma radiation exposure to concrete during its first seven days of curing, and how its properties
change. A 630 MBq 137Cs source is shown to provide a calculated dose of 0.66 Gy and an average
measured dose of 0.75 Gy to concrete cubes 125 cm3 over seven days of exposure. The dose is
calculated with MCNP6 and determined experimentally. A slight difference between the calculated
and experimental doses is due to the off center positioning of the 137Cs source in the experiment,
causing a higher dose in some of the concrete cubes. The dose is substantially less than required to
damage to concrete. The compressive strength of gamma cured and conventionally cured concrete
cubes is compared showing that gamma cured cubes have an average compressive strength of 8,563
psi compared to conventionally cured cubes with average compressive strength of 6,710 psi. The
gamma cured cubes also exhibited a lower standard deviation than the conventionally cured cubes.
The SEM analysis of the microstructure of the gamma and conventionally cured cubes yielded no
discernable difference between the two, suggesting that changes most likely are taking place at the
atomistic level. A possible explanation is the process of radiolysis that creates an excess of H+ and
OH- promoting formation of C-S-H more quickly. A more rapid formation of C-S-H thus may cause
better bonding between the aggregates at an earlier stage of concrete curing. The formation of free
radicals within the microstructure of concrete cubes was analyzed also with Geant4 computational
modeling. Increasing source strength and time of exposure shows an increase in the rate of free
radical productions. It is, however, shown that after seven days of exposure to 630 MBq gamma
source, the increased rate of production is minimal. The results support the idea that the benefits of
gamma curing are most beneficial during the first seven days of curing. Future testing is planned to
include curing cubes for 28 days in comparison to conventionally cured concrete cubes, to analyze if
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the benefits do diminish over time. Additionally, molecular dynamics simulation of concrete under
these conditions is underway.
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Fig. 2.1: Scenario in which H+ and OH- are formed from Compton scattering of a gamma ray with






























































Fig. 2.3: Experimental and MCNP6 absorbed dose values due to gamma exposure to concrete
cubes [The MCNP6 calculated absorbed dose for each cube is the same because the 137Cs isotropic
source is placed exactly in the center of all the concrete cubes. In the experimental setup, the
source was not located as precisely at the center as in the MCNP6 model, thus the values of
absorbed dose vary].
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Fig. 2.4: Experimental measurement of the cumulative radiation dose response of Landauer
nanoDots with a 6 MV x-ray source.
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Fig. 2.5: Concrete cube with nanoDots placed on the front face for dose measurement from









































































































































































































































































































































Fig. 2.7: Compressive strength of gamma cured (top) and conventionally cured (bottom) concrete




































































































































































































































































































































































































































































































































































































































































Fig. 2.14: Geant4 simulation geometry of gamma rays from a 137Cs source interacting with
concrete and leading the formation of free radicals.
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Fig. 2.15: Production of the H2 radical within the micro pores of a 125 cm3 sample of concrete in
moles/s.
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Fig. 2.16: Production of OH- radical within the micro pores of a 125 cm3 sample of concrete in
moles/s.
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ANALYSIS OF FUNDAMENTAL CHEMICAL
PROCESSES DRIVEN BY LOW GAMMA DOSE
RADIATION DURING EARLY STAGES OF
CONCRETE CURING1
3.1 Abstract
High-dose gamma radiation is well documented as a mechanism that damages concrete and
decreases its compressive strength. We have shown in our previous study that concrete exposed
to low-dose gamma radiation during the first seven days of curing can increase its compressive
strength by an average of 24%. Therefore, we now study the effects that low-dose gamma radiation
has on concrete for 14 and 28 days of exposure to determine at what point the maximum benefit
for gamma curing is achieved. Concrete cubes that are exposed to low-dose gamma radiation for
14 days show an increase in strength of 76% while if exposed for 28 days, gamma curing has
no benefit. Due to inconsistencies in fine aggregate sourcing, compressive strength of 14 and 28
days cured cubes is shown to be less than cubes cured for seven days due to inconsistences in fine
aggregate sourcing. Using SEM imaging, the microstructure is observed to see if any gamma heat-
ing is occurring. The microstructures between gamma cured and conventionally cured showed no
differences, ensuring low-dose gamma radiation improves compressive strength without damaging
its microstructure. Molecular dynamics modeling is used to determine the mechanism whereby
gamma curing affects compressive strength. Using the MOPAC code, alite and belite, compounds
in cement, are analyzed with and without free radicals present. Jennite and Tobermorite, two of
many C-S-H structures, are also modeled in the MOPAC code to calculate their reactivity between
water and aggregate. The reactivity between alite, belite, water, and silicate is improved when free
1Steven Burnham, Quentin Faure, Jake Tuttle, Jean-Nicolas Dupre, Keith Prisbrey, and Tatjana Jevremovic, “Compu-
tational and Experimental Analysis of Fundamental Chemical Processes Driven by Low Gamma Dose Radiation During
Early Stages of Concrete Curing”, Submitted to Nuclear Engineering and Technology, February 17, 2017.
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radicals are present. Tobermorite and Jennite also show improved reactivity between water and
silicate when free radicals are present, which may offer better hydration and bonding, ultimately
resulting in improved compressive strength.
3.2 Introduction
The damaging effects that long-term and high-dose radiation have on the physical properties of
concrete are well known and well documented. High doses of gamma radiation exposure have been
shown to cause shrinkage and expansion, ultimately leading to a reduction in compressive strength
[28]. Such doses are on the order of 107-1011 Gy [19, 20]. When concrete is exposed to doses
this high, the crystal lattice structure of different molecules important to structural properties may
become distorted. Distortions may cause molecules that would otherwise be unreactive to become
reactive with the environment, resulting in degradation effects such as Alkali Silica Reactions (ASR)
[19]. The damage from ASR results in a swelling of aggregates, placing internal stress on concrete
that results in cracking and ultimately a loss of compressive strength or internal corrosion [6]. As
gamma rays interact with concrete, they deposit their energy, resulting in the generation of heat.
With high-dose gamma radiation, the energy transfer is sufficiently high to cause a noticeable rise
in temperature as high as 250C, with damage occurring at temperatures as low as 95ºC [21].
It has been shown [3, 4] that low-dose gamma radiation can improve concrete compressive
strength when concrete is exposed during the early stages of curing. The early stage of curing is
defined as the first seven days out of 28 total days of curing time. When concrete that is exposed to
gamma radiation during these first seven days is tested for compressive strength, an improvement
of 24% is shown versus concrete that was cured conventionally [3, 4]. The effects of gamma curing
on concrete up to the full 28 days of curing, as well as the mechanism whereby gamma radiation
improves compressive strength, are further explored in this paper.
3.3 Chemistry and Hydration of Cement
Cement, the primary binding ingredient in concrete, is primarily composed of calcium silicates.
As such, the materials used in the production of cement must be high in concentration of calcium
and silica. Materials that are naturally occurring such as limestone are common sources of obtaining
calcium while quartz or clay can be a natural source of the silica. The raw ingredients are crushed,
mixed, and subjected to high temperatures to form cement. The result of the raw ingredients com-
bining while under heat in excess of 1000ºC is the formation of a number of oxides and compounds
known as clinker. The clinker is pulverized to a particle size of 10-15 μm, a formwhere it can then be
mixed with other ingredients to form concrete. Table 3.1 summarizes all the oxides and compounds
found in cement, the primary and most important being CaO and SiO2 [7].
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The oxides CaO and SiO2 combine to form the two most important compounds in cement,
tricalcium silicate (3CaO  SiO2) and dicalcium silicate (2CaO  SiO2), known as alite and belite,
respectively [6]. The compound alite can account for 50-70% [41] of the composition of portland
cement and is the most important constituent in portland cement. Its importance is a result of both
the large amount in cement as well as its quick reaction with water, contributing to early-stage (seven
days or less) strength. Belite will amount to 15-40% [41] of portland cement and reacts slowly with
water. Belite contributes less to early-stage strength of concrete than alite due to its slow reaction
but does contribute to the late-stage (28 days or more) strength. In general, the silicates account
for approximately 75% of portland cement while the aluminates account for the other 25% [7].
When alite and belite are formed, their crystal structures become modified from contaminates in
the raw materials such as limestone and quartz during production of clinker at high temperature.
Contaminates such as iron, magnesium, and aluminum can change the reactivity of alite and belite
with water [7].
When cement is produced, it is anhydrous. Mixing with aggregates in its anhydrous form does
not allow for cement to bind with the aggregate and form concrete. When cement is mixed with
water, the process of hydration occurs or the process whereby anhydrous cement reacts with water,
forming products of hydration. The amount of water mixed with cement is known as the water to
cement (w/c) ratio. When cement is mixed at a w/c ratio between approximately 0.3 and 0.6, a
cement paste is formed [41]. The paste hardens in a process known as setting, a loss of its plastic
state. Due to the variety of compounds present in portland cement, a variety of reactions take place
when it is mixed with water. The aluminate compounds are the first to react with water and undergo
hydration at a faster rate than the silicates. The loss of plasticity in cement paste is primarily due
to the hydration of the aluminates. The silicates, which react at a slower rate the aluminates, are
responsible for the solidification of portland cement. The silicates also have amuch greater influence
on the compressive strength properties.
Hydration of the silicates produces a variety of calcium-silica-hydrates and is abbreviated C-
S-H. The dashes indicate the complexity and variety of C-S-H products that can be formed. The
complexity is a result of the degree of hydration of the silicates that can occur and is dependent on
the w/c ratio. The approximate chemical reaction for complete hydration of alite and belite is shown
in Equations 3.1 and 3.2, respectively [6]:
6CaO  SiO2 + 6H2O! 3CaO  SiO2  3H2O+ 3CaO  H2O (3.1)
4CaO  SiO2 + 4H2O! 3CaO  SiO2  3H2O+ CaO  H2O (3.2)
Based on the stoichiometry of the above reactions, it is evident that belite (Eq. 3.2) produces a
higher percentage of C-S-H and a lower percentage of calcium hydroxide. A cement with higher
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concentrations of belite will yield higher strength compared to a cement with a higher concentration
of alite. The slow reaction of belite compared to alite means that although the ultimate strength
of a belite-rich cement has a higher ultimate compressive strength, it is much slower in achieving
that strength in comparison to normal cements with a primary composition of alite. The calcium
hydroxide has long-term effects on durability of concrete. An increased amount of calcium hydrox-
ide will make concrete more susceptible to acid and sulfate attacks. Despite the possible benefits
of increased amounts of belite in portland cement, alite remains the dominant compound due to its
ability to quickly gain strength.
Since hydration of alite and belite is imperfect, Equations 3.1 and 3.2 are not representative of
all the reactions that are occurring when portland cement undergoes hydration. A general formula of
CaOx  SiO2  H2Oy is used to represent the complex stoichiometry that can occur during hydration
where x and y vary over a wide range [7]. The variations in stoichiometry are a result of partial or
incomplete hydration of alite and belite. Factors that can affect the degree of hydration is the w/c
ratio used, poor mixing, external humidity, as well as the fineness of the cement grains. The average
ratio between CaO and SiO2 ranges between about 1.4 – 2.0.
3.3.1 Mechanism of Hydration
The process of hydration can be divided into four phases: Initial mixing, dormant period, accel-
eration stage, and the post-acceleration period [6].
The initial phase is when cement first contacts water. The oxides and compounds immediately
move into solution by dissolving. C-S-H also begins to form from the hydration of alite. The belite
will contribute very little during this phase to C-S-H production.
The dormant phase starts a few hours after the initial phase begins. It is aptly named the dormant
phase as hydration slows down significantly. Hydration of alite and other compounds progresses but
at a much slower rate than during initial mixing.
The acceleration phase also begins to occur several hours after the initial phase (approximately
3-12 hours). Hydration of alite accelerates. The belite also begins to undergo hydration but still at a
much slower rate than the alite. Calcium hydroxide also forms at a more rapid rate. This is exhibited
in the stoichiometry of the reaction between alite and water where calcium hydroxide is formed at
a rate of three to one compared to the reaction between belite and water. The potential drawbacks
of higher calcium hydroxide from hydration can be mitigated by introducing other ingredients into
concrete such as fly ash or pozzolans that readily react with the excess calcium hydroxide, thereby
mitigating its damaging effects. This reaction is shown in Equation 3.3.
Pozzolan+ CaO  H2O+ H2O! C  S  H (3.3)
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Following the acceleration phase, the rate at which hydration occurs begins to decrease. The
reason for the decline in hydration is in large part due to the decrease in the amount of unreacted alite.
Hydration still does occur, however, thanks to the presence of belite in cement. The hydration of
belite will increase over time but never at the same rate at which alite undergoes hydration. Calcium
hydroxide will form at a slower rate as well thanks to the stoichiometry as previously stated in the
acceleration phase. Hydration of cement occurs so long as there are unreacted cement particles and
water molecules. Concrete mixtures that contain low w/c ratios will undergo a partial or incomplete
hydration due to insufficient water to complete the process. The fineness of cement particles may
also influence the post-acceleration phase. A fine cement will disperse more readily and allow a
more complete reaction. Coarse cement particles are more likely to persist indefinitely due to their
inability to disperse where unreacted water may exist.
3.3.2 Cement Hydration and Its Relation to Gamma Curing
In freshly mixed concrete, a high amount of free water is present. Exposure to gamma radiation
results in an interaction between water molecules and gamma-rays, resulting in radiolysis occurring.
Radiolysis is the process whereby free radicals are formed when one of several different interactions
can take place, dependent on photon energy, such as photoelectric effect or Compton scattering.
Radiolysis is described as follows:
H2O
ionizing radiation           ! e aq; HO; H; HO2; H3O; H3O+; OH ; H2O2; H2 (3.4)
Free radicals may interact with themselves, forming water once again, or they may also interact
with the aqueous solution of cement and water. The breakdown of water and formation of free
radicals from radiolysis may allow constituents within cement to more freely interact. It follows
then that by using the principles of radiolysis from gamma ray interactions with water, the curing
phase of concrete may be enhanced by exposure to low-dose gamma radiation.
3.4 Examining the Effects of Gamma Radiation
on Concrete Cured to 28-Days
As discussed in Section 3.1, gamma radiation may enhance the curing phase of concrete when
a high amount of free water is present. It has been shown [3] that compressive strength of gamma
cured concrete cubes is increased by an average of 24% in the first seven days of curing. The process
of mixing, curing, and strength testing from our previous study [3] is briefly described as follows:
 A mix design of 0.4 water to cement (w/c) ratio with only fine aggregates (sand) mixed in a
2.75 sand to cement (s/c) ratio is used for all concrete mixtures.
 Concrete cubes 125 cm3 are cast for each batch of concrete for compressive strength testing.
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 To ensure consistency between batches of concrete, the procedure for mixing the concrete
cubes outlined in ASTMStandard C192/192M –Making and Curing Concrete Test Specimens
in the Laboratory [31] is adhered to with the exception of concrete cubes being demolded five
hours after casting. This is done so that the concrete cubes may be exposed to gamma radiation
at the very earliest stages of curing when a maximum available amount of free water is present
for radiolysis to occur.
 Half of all concrete cubes are cured using a 630 MBq 137Cs while the other half are conven-
tionally cured for seven, 14, or 28 days. The absorbed dose from gamma curing is determined
experimentally for seven days and computationally for seven, 14, and 28 days [3]. The average
experimentally determined dose is 69.1 cGy while the computationally determined dose using
MCNP6 is 66.0 cGy for seven days of exposure, 1.32 Gy for 14 days of exposure, and 2.64
Gy for 28 days of exposure.
 Following curing, cubes are tested for compressive strength in accordance with ASTM stan-
dard C109 – Standard Test Method for Compressive Strength of Hydraulic Cement Mortars
[35].
Using the above procedure, it was shown in our previous study [3] that gamma cured concrete
has a seven-day compressive strength range of 48 – 73 MPa with an average of 61 MPa while
conventionally cured concrete cubes have a compressive strength range of 24 – 65 MPa with an
average of 49 MPa. When concrete cubes are cured for 14 days using the same methodology, the
compressive strength of the gamma cured cubes is found to be 29 – 59 MPa with an average of 45
MPa while the conventionally cured cubes are 25 MPa. The results of 14-day compressive strength
testing are shown in Fig. 3.1. A statistical t-test is performed to compare the sameness of the data sets
of gamma cured and conventionally cured cubes. A p-value is obtained, representing the probability
that the two data sets are different, of 0.0004, indicating that the two data sets are different and that
the gamma cured cubes have a statistically significant compressive strength that is higher than the
conventionally cured cubes.
Using the same procedure, compressive strength is also tested after 28-days of curing. The 28-
day compressive strength of gamma cured cubes is between 25 – 58MPa with an average of 50 MPa
while the conventionally cured cubes are between 26 – 68MPa with an average of 51MPa, as shown
in Fig. 3.2. The same t-test is performed to compare the data sets of 28-days cured concrete cubes.
A p-value of 0.82 is obtained, representing an 82% probability that the two data sets are statically
the same. It follows therefore that the benefits of gamma curing exist during the earliest stages of
curing. The cubes tested at seven days exhibited an increase in compressive strength of 24%. The
cubes tested at 14 days exhibited a compressive strength increase of 76%. After 28 days of exposure,
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the benefits of gamma curing are nonexistent. A summary of the average compressive strength of
seven, 14, and 28 day cured cubes is shown in Table 3.2. The average strength between 14 and 28
days gamma cured and conventionally cured cubes increases as is expected with increasing curing
time. The average strength, however, decreases from seven to 14 days curing time for both gamma
cured and conventionally cured cubes. This trend is attributed to changes in the fine aggregate
source used for all concrete mixes. The cubes cured for seven days were tested several months
before experiments for 14 and 28 days were performed. While the mix design was tightly controlled
to be the same for all concrete mixtures, the fine aggregate source was not homogenous, resulting
in 14 and 28 days cured cubes with lower strength than the cubes cured for seven days.
3.5 Examination of the Microstructure of Gamma Cured and
Conventionally Cured Concrete Cubes Using Scanning
Electron Microscope (SEM)
As described in Section 3.1, it is well understood that high-dose gamma radiation can structurally
damage concrete. These effects are exhibited in displacement of the crystal structure of molecules
in concrete as well as from gamma heating. Visually, these defects manifest themselves as cracks,
voids, and low density, all visible at the microscopic level using SEM [42].
Using SEM (Hitachi S-4800 SEM in the Crus Advanced Materials Technology Center at the
University of Utah), the microstructure of seven, 14, and 28 days cured concrete cubes, both gamma
and conventionally cured, are examined to determine if any radiation damage is occurring. While the
concrete cured at seven and 14 days with gamma radiation exhibited higher compressive strength,
structural defects may be possible that could lead to a decrease in durability, affecting the long-term
structural integrity of the concrete. In Fig. 3.3, the microstructure of concrete cubes cured for seven
days is shown for both gamma cured and conventionally cured. From the images, it is apparent that
both the gamma cured and conventionally cured cubes exhibit well-developed C-S-H as well as a
low void ratio. The conventionally cured cube has a larger void than the gamma cured cube.
At the microscopic level, damage occurring from heat exposure up to 600ºC is easily visible at a
resolution of 1-5 m [42]. Dehydration of C-S-H is also visible at these resolutions. The resolution of
the SEM images in Figures 3.3 and 3.4 is between 2-4 m, a resolution where structural damage from
gamma heating or dehydration of C-S-H due to radiolysis is visible. The similarities of the gamma
cured and conventionally cured cubes is indicative of two things: no gamma heating is occurring to a
level that the microstructure is damaged and dehydration of C-S-H is not occurring from radiolysis.
The SEM images show that the long-term durability of concrete is not compromised when exposed
to low doses of radiation for short periods of time.
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3.6 Computational Model of Cement Hydration
Chemical Process
To determine the effects gamma curing has at the atomistic level, the reactions taking place
between free radicals and cement, as described in Section 3.3, are studied usingMolecular Dynamics
(MD) simulations. The use of MD software allows for the observation of the interactions taking
place between different molecules present in the cement hydration process. These interactions are
not visible using experimental processes such as SEM.
Using frontier molecular orbital theory [43, 44], the energies of the Highest Occupied Molec-
ular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) are determined using
the semi-empirical MD package MOPAC (Molecular Orbital PACkage) 2016 [45]. To determine
reactivity between two molecules, the absolute value of the energy gap between the HOMO and
LUMO and the LUMO and HOMO of the two molecules is calculated as shown in Equations 3.5
and 3.6 to determine the reactivity. The lower of these two values is the most probabilistic reaction
to take place. In other words, as the gap between the HOMO and LUMO or LUMO and HOMO
approaches zero, the reactivity between the two molecules increases.
j HOMO  LUMO j= Reactivity (eV) (3.5)
j LUMO  HOMO j= Reactivity (eV) (3.6)
The crystal structures of the compounds modeled in MOPAC are obtained from the American
Mineralogist Crystal Structure Database [46] and are as follows:
 Alite (3CaO  SiO2)
 Belite (2CaO  SiO2)
 Tobermorite (Ca5Si6O16(OH)2  4H2O)
 Jennite (Ca9Si6O18(OH)6  8H2O)
 Water (H2O)
 Silicate (SiO3)
The compounds are modeled in MOPAC to determine the HOMO and LUMO as follows:
1. Individual molecules of alite, belite, Tobermorite, Jennite, water, and silicate are simulated
and their HOMO-LUMO values determined without any radiolysis products. Six simulations
are run in total.
2. One H+ molecule is introduced to the alite, belite, Tobermorite, and Jennite molecules and the
simulation is run again. Additional H+ molecules are introduced in increments of one with the
simulation running again after each H+ molecule is added up to a total of 10 H+ molecules. In
total, 40 simulations are run, 10 each for alite, belite, Tobermorite, and Jennite.
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3. Step 2 is repeated for OH- and H3O+ for each of the molecules, totaling 80 additional simula-
tions.
4. Using Equations 3.5 and 3.6, the absolute value of the HOMO-LUMO and LUMO-HOMO
is calculated for the alite, belite, Tobermorite, and Jennite modeled in Step 1 with water and
silicate. Comparison between the individual molecules with water and silicate determines
a baseline for reactivity when no radiolysis products are present, i.e, no gamma curing is
occurring.
5. Using Equations 3.5 and 3.6, the absolute values of HOMO-LUMO and LUMO-HOMO is
then calculated for alite, belite, Tobermorite, and Jennite when radiolysis products are present
or those modeled in Steps 2 and 3. The lowest value of either HOMO-LUMO or LUMO-
HOMO is determined to be the reactivity.
Using data from Table 3.3, an example of how the reactivity is calculated is shown below.
j HOMO  LUMO j= j  11:67 + 2:11 j= 9:56eV (3.7)
j LUMO  HOMO j=j 3:77 + 3:17 j= 6:94eV (3.8)
In the above example, the LUMO-HOMO yields the lowest number and is therefore considered
to be the reactivity between water and alite. The reactivity of alite, belite, Tobermorite, and Jennite
with water and silicate when free radicals are introduced is summarized in Figs 3.5 – 3.8.
In Fig. 3.5, the reactivity of alite and belite with water when free radicals are introduced is
shown. As stated in Section 3.2, alite contributes to the early-stage strength of concrete as it reacts
rapidly with water to form C-S-H, whereas belite contributes to later stage strength by reacting more
slowly with water to form C-S-H. This is evident when comparing the baseline reactivates between
alite (Fig. 3.5 top) and belite (Fig. 3.5 bottom) where alite’s baseline reactivity of 6.94 eV is lower
than belite’s base reactivity of 8.43 eV. The baseline reactivity is defined as the reactivity of one
molecule of either alite, belite, Jennite, or Tobermorite with either water or silica when no free
radicals are present. When H3O+ and H+ are present, the reactivity of alite with water increases in
most instances. One exception is when one H+ molecule is present, the reactivity between alite and
water is improved. When OH- is present, the reactivity between alite and water increases initially,
but in most instances, it is improved. The reactivity energy drops from a baseline of 6.94 eV to as
low as 5.20 eV when 10 hydroxides are present.
The reactivity of belite with water is greatly improved in most instances when free radicals
are present. Two exceptions are when six H+ molecules and nine OH- molecules are present, the
reactivity energy increases substantially. The addition of these free radicals causes a large gap in the
HOMO and LUMO energies between belite and water.
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Figure 3.6 shows the reactivity of alite and belite with fine aggregate, approximated as silicate,
when free radicals are present. Alite has a baseline reactivity with silicate of 0.81 eV. When OH- is
introduced, the reactivity energy steadily increases, decreasing the overall favorability of a reaction
between alite and silicate. The reaction when H+ is present initially spikes when one H+ molecule is
present but maintains a similar reactivity energy for 2-10 H+ molecules. The reactivity of alite with
silicate is similar for H3O+ as it is for H+.
Belite oscillates up and down from the baseline reactivity energy of 1.91 eV. When odd numbers
of H3O+ are present, the reaction becomes less favorable between belite and silicate. When an
odd number of OH- is present, the reaction becomes more favorable. The reactivity of H+ remains
relatively constant with the baseline energy.
As stated in Section 3.3, when alite and belite react with water, C-S-H is formed. The C-S-H is
what holds aggregate together in concrete. It is therefore expected that if gamma curing is improving
compressive strength, it is improving the reactivity of alite and belite with water and not with silicate.
In Fig. 3.7, the reactivity of Jennite (top) and Tobermorite (bottom) and water are shown. It
is apparent that the introduction of H+, OH-, H3O+ improves their reactivity with water in every
instance. The addition of OH- offers the greatest improvement in reactivity with Jennite’s reactivity
improving from a baseline of 8.90 eV to 3.48 eV when six OH- molecules are present. When seven
OH- molecules are present for Tobermorite, the reactivity improves from a baseline energy of 10.28
eV to 5.22 eV. Both Jennite and Tobermorite have undergone hydration and formed C-S-H. As
stated in Section 3.2, the structure of C-S-H is highly amorphous. One difference between Jennite
and Tobermorite is Jennite is bonded with four water molecules while Tobermorite is bonded with
eight molecules. The improved reactivity between Jennite and Tobermorite with water when free
radicals are present may lead to C-S-H structures becoming more hydrated. Some of these more
hydrated C-S-H structures may also have improved compressive strength over the less hydrated
forms of C-S-H.
Figure 3.8 shows the reactivity of Jennite and Tobermorite when free radicals are present with
fine aggregate, approximated as silicate. Jennite’s reactivity follows a similar trend for the free
radicals H+, OH-, and H3O+ in that an odd number of free radicals increases the reactivity energy
above the baseline energy of 1.15 eV while an even number decreases the energy below the baseline.
Tobermorite has improved reactivity with silicate in almost every instance when free radicals are
present. With a baseline reactivity energy of 2.53 eV, the presence of two and four H3O+ molecules
improves reactivity to a minimum energy of 0.03 eV.
The reaction between C-S-H structures and aggregate may be the most important in improving
compressive strength. Because C-S-H is what bonds the aggregate together, it can often be where
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modes of failure in concrete occur [7].
3.7 Conclusion
The damaging effects of gamma radiation on concrete at high doses are well studied and well
documented. However, as we show in this paper, the low-dose gamma radiation to concrete during
its curing shows an increase its compressive strength and does not produce any similar damage
as with long-term exposure to gamma radiation. This seems to be on its own a very encouraging
finding. According to our presented results, the exposure to gamma radiation during the first seven
days of its curing increased compressive strength by 24%, if exposed to gamma radiation during the
fist 14 days, the strength is improved for 76%, and if exposed for all 28 days of curing, no benefit in
compressive strength compared to conventionally cured concrete is observed. Due to differences in
fine aggregate sourcing, the compressive strength of cubes cured for 14 and 28 days was less than
the cubes cured under the gamma field for seven days. While mix designs were tightly controlled,
improvements in controlling fine aggregate sourcing is required; it will therefore allow for better
comparison between these three different curing times, seven, 14, and 28 days. The SEM imaging
is used to observe if any gamma heating occurs. It was found that there are no differences in the
microstructure between gamma cured concrete and conventionally cured concrete, thus ensuring
that the low-dose gamma radiation is indeed improving the strength without damaging its chemical
structure.
Themechanismwhereby gamma curing affects compressive strength is analyzed based onmolec-
ular dynamics modeling with the MOPAC code. Key compounds in cement, alite and belite, are
analyzed by examining their reactivity with water and aggregate, because of gamma radiation ex-
posure; it is analyzed with and without free radicals being present. Jennite and Tobermorite, two of
many C-S-H structures, are also modeled to calculate the reactivity between water and aggregate.
Reactivity between alite, belite, water, and silicate is improved in many instances when free radicals
are present. An improvement in the reactivity between belite andwater could be especially beneficial
to concrete as it generally reacts slowly with water to formC-S-H. Tobermorite and Jennite reactivity
is also improved with water and silicate when free radicals are present. Improved reactivity with
water and silicate may allow C-S-H structures to become more hydrated and offer better bonding
and as a result better compressive strength.
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Table 3.1: Oxides and compounds present in cement
Oxide Compound
CaO 3CaO  SiO2
SiO2 2CaO  SiO2
Al2O3 3CaO  Al2O3
Fe2O3 4CaO  Al2O3  Fe2O3
MgO 4CaO  3Al2O3  SO3
SO3 3CaO  2SiO2  3H2O
- CaSo4  2H2O
50
Fig. 3.1: Compressive strength gamma cured (top) and conventionally cured (bottom) concrete

















































































































































Fig. 3.2: Compressive strength gamma cured (top) and conventionally cured (bottom) concrete

































































































































































Fig. 3.5: Reactivity of alite (top) and belite (bottom) with water when the free radicals H+, OH-,
and H3O+ are present. The baseline reactivity is defined as the reactivity of alite or belite with
water when no free radicals are present. The lower the reactivity, the more favorable it is for the
reaction to take place.
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Fig. 3.6: Reactivity of alite (top) and belite (bottom) with silicate when the free radicals H+, OH-,
and H3O+ are present. The baseline reactivity is defined as the reactivity of alite or belite with
silicate when no free radicals are present. The lower the reactivity, the more favorable it is for the
reaction to take place.
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Fig. 3.7: Reactivity of C-S-H in the forms of Jennite (top) and Tobermorite (bottom) with water
when the free radicals H+, OH-, and H3O+ are present. The baseline reactivity is defined as the
reactivity of Jennite or Tobermorite with water when no free radicals are present. The lower the
reactivity, the more favorable it is for the reaction to take place.
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Fig. 3.8: Reactivity of C-S-H in the forms of Jennite (top) and Tobermorite (bottom) with silicate
when the free radicals H+, OH-, H3O+ are present. The baseline reactivity is defined as the
reactivity of Jennite or Tobermorite with silicate when no free radicals are present. The lower the
reactivity, the more favorable it is for the reaction to take place.
CHAPTER 4
UNCERTAINTIES IN MEASURING TRACE
AMOUNTS OF COBALT AND EUROPIUM
WITH LOW FLUX NEUTRON
ACTIVATION ANALYSIS1
4.1 Abstract
Neutron activation analysis (NAA) is widely used for identification of elements and their quan-
tities even in trace amounts in the samples of almost any type. The challenges in detecting trace
amounts of particular elements are often associated with the neutron flux produced at the research
reactors. Low-flux NAA usually presents the biggest challenge when analyzing trace quantities of
elements with a lower magnitude of radiative capture cross sections.
In this paper, we present the methodology and the quantified uncertainties associated with the
detection of trace amounts of cobalt and europium, using concrete aggregates as an example. Recent
growing interest is in improving structural concrete (increasing its strength but reducing its activation
in the nuclear power plant (NPP) environments). Besides for buildings, structural concrete is also
used as a biological shield in NPP that becomes radioactive after exposure to neutron flux. Due to ra-
diative capture interactions, artificial radionuclides are generated to high enough concentrations that
classify concrete as low-level radioactive waste at the time of the plant’s decommissioning. Disposal
of this concrete adds to the expense of NPP financing and its construction. Three radionuclides,
60Co, 152Eu, and 154Eu, account for 99% of total residual radioactivity of NPP decommissioned
concrete. The IAEA document RS-G-1.7 Application of the Concepts of Exclusion, Exemption, and
Clearance, specifies clearance levels of radionuclides’ specific activities: a specific activity lower
than 0.1 Bq/g for 60Co, 152Eu, and 154Eu allows for a concrete to be recycled after decommissioning
of the NPPs. Therefore, low-fluxNAA is used to test the detection limits of trace elements in samples
1Steven Burnham, Greg Moffitt, Quentin Faure, and Tatjana Jevremovic, “Uncertainties in Measuring Trace Amounts
of Cobalt and Europium with Low-Flux Neutron Activation Analysis”, Nuclear Technology and Radiation Protection,
Vol. 32, no. 1, 2017. Reprinted with permission.
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of cement, coarse, and fine concrete aggregates. These samples are irradiated at the University of
Utah’s 100 kW TRIGA Reactor (UUTR) at power levels of 10 kW, 30 kW, and 90 kW with the
corresponding thermal neutron flux values of 1.5x108, 7.3x109, and 3.76x1011 neutrons/cm2s. The
samples are irradiated for time periods of 1, 3, 30, 60, and 120 minutes. Different power levels
and different irradiation times are used to find if there is a threshold set of the NAA parameters in
detecting trace amounts of these isotopes. Each of the samples is counted on a Canberra BEGe High
Purity Germanium detector. Cement samples are concurrently irradiated with a National Institute of
Standards and Technology (NIST) coal fly ash standard reference material and coarse and fine ag-
gregates withMontana soil standard reference material to accurately quantify the mass concentration
of the isotopes in concrete samples. The final results show that the reactor power, irradiation, and
detector measurement times are heavily correlated in finding the optimum combination for low-flux
NAA approach in detecting trace contents of elements, specifically cobalt and europium.
4.2 Introduction
NAA is a nondestructive testing method developed following a discovery of a neutron in 1932,
and to date is used to determine elemental composition of an unknown material. A material sample
is irradiated with neutrons of preferably thermal range energies, and some of the elements present
are activated through neutron capture interactions. Newly created isotopes are radioactive with
different decaying times, and energies of the emitted gamma rays are used for identification of
(parent) isotopes present in amaterial sample [47]. Different modes of radioactive decay such as beta
emission, positron emission, and isometric transition are often accompanied by gamma rays. The
energies of the emitted gamma rays are therefore the signatures uniquely attributed to isotopes by
measuring their energies with gamma detectors. The process of NAA is well described in literature
[47].
There are different neutron sources used forNAA including: spontaneous fission neutron sources,
D-D or D-T generators, and most commonly research reactors. The neutron fluxes therefore vary
widely, which holds also for various research reactors as they are directly dependent on both power
and reactor core configuration. A comparison of neutron fluxes for some of the research reactors
is shown in Fig. 4.2. For example, the Massachusetts Institute of Technology research reactor has
a neutron flux on the order of 1014 n/cm2s, while the PULSTAR reactor at North Carolina State
University has a lower neutron flux on the order of 1013 n/cm2s. Similar neutron flux of the same
order of magnitude is found in Japan’s JRR-4 research reactor [48]. Smaller research reactors such as
the University of Utah’s 100kW TRIGA Reactor (UUTR) has a neutron flux in a designated thermal
NAA port of only 3.76x1011 n/cm2s. Other low-flux neutrons sources may be used such as 252Cf
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whose neutron flux can be on the order of 107 n/cm2s [49].The two order of magnitude difference in
neutron flux between the UUTR and JRR-4, for example, presents challenges when detecting trace
quantities. Elements such as sodium are much easier to detect with a low-flux neutron source due
to its high natural abundance. Europium, by contrast, exists in trace quantities and despite having
a cross section that is greater, necessitates therefore longer irradiation times in a low neutron flux
facility.
Due to recent growing interest in improving concrete in structures of NPPs, we select the concrete
aggregates to study the applicability of low-flux NAA in detecting trace quantities of elements. For
this study to have applicability in nuclear field, we selected to analyze concrete mixtures for key
elements that classify concrete as low-level waste. Concrete is one of the most complex materials
used in industry and as such presents the most challenging mixture to analyze for trace quantities of
metals. There is a tendency in defining different concrete mixtures assuring its exposure to neutron
radiation in NPPs will not activate the mixture above the IAEA limits. The IAEA has defined in its
document RS-G-1.7 Application of the Concepts of Exclusion, Exemption, and Clearance, specific
limits for disposal of artificially created radionuclides. When a radionuclide is activated at or above
the specified limit, that material wherein it is contained must be disposed of as Low-Level Waste
(LLW). Factors affecting whether a material will be classified as LLW include total neutron fluence
exposed to and the concentration of the radionuclides parent isotope. If an isotope is of sufficiently
low concentration, exposure to high neutron fluence may not necessitate disposal as LLW.
The classification of a material as LLW is based on comparing its specified clearance level from






where Ci is concentration of the artificial radionuclide, (Bq/g), and CL is the IAEA clearance level
for artificial radionuclide, (Bq/g). If Eq. 4.1 results in a value less than or equal to one, then that
material is classified as normal waste; if above one, the material is considered radioactive waste.
In this paper, we present a methodology of how to analyze low-flux NAA in testing complex
concrete mixtures for trace quantities of particular elements. A presented methodology of how to
detect the trace carriers for concrete activation is developed together with established thresholds in
the measurements of samples using low-flux NAA. Typically, structural concrete of NPPs contains
metals and rare earth elements. Specifically, the presence of three nuclides 59Co, 151Eu, and 153Eu,
almost always results in the classification of concrete as low-level radioactive waste because their
neutron heavier radioisotopes 60Co, 154Eu, and 152Eu, respectively (with half-lives of 5.27, 8.59, and
13.54 years), accumulate the activities above the level of regular (recyclable) waste. The clearance
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levels for all three isotopes is 0.1 Bq/g [50]. Their activation is a result of exposure to neutron
radiation in nuclear power plants for a period of 40 years or longer. Due to their long decay
times, it takes several decades to decay below the clearance levels, accounting for almost 99% of
the residual radioactivity in NPPs’ concrete shielding walls, [51]. The elimination of these target
radionuclides from concrete aggregates has never been considered in the U.S. nuclear power plant
design technology. We have started this research with two goals: firstly to define the methodology
that is accurate and proven, yet applicable to detection of trace quantities in general, and then to apply
this methodology to develop new concrete chemical mixtures resistant to radiation levels above the
clearance levels [5].
4.3 Low-Flux NAA Methodology for Identification of Trace
Quantities in Solid
Samples
4.3.1 Low-Flux NAA at the University of Utah Nuclear Engineering Facility
At the Nuclear Engineering Program at the University of Utah, we manage and operate a 100
kW TRIGA Mark I reactor (UUTR). The reactor and the state-of-the-art radiation counting instru-
mentations are used in support of education, training, and research. The UUTR is well analyzed and
a number of papers report on its flux evaluation and measurements, [52, 53, 54].
NAA is a well-established [47] and commonly used technique at the UUTR facility [55]. The
UUTR is equipped with four different irradiation ports: Thermal Irradiator (TI), Fast Neutron Irra-
diation Facility (FNIF), Pneumatic Irradiator (PI), and a Central Irradiator (CI). All NAA samples
are irradiated in the TI or PI. Experimental discrimination between thermal and fast neutrons in the
TI is obtained by measuring the cadmium ratio. The cadmium ratio is defined as the ratio of the
activity of a bare, gold foil to the activity of a cadmium covered gold foil. The cadmium covered
gold foil is activated with mostly fast neutrons because nearly all neutrons below the cadmium cut
off energy of 0.4-0.6 eV are absorbed by the cadmium foil. The cadmium ratio in the UUTR TI
port is determined to be 4.14 ± 0.015, meaning there is still a high number of fast neutrons in the TI
port [54]. A detailed MCNP6 model of the UUTR is always used to determine the flux profile in
the reactor core as well as the neutron flux in the irradiation ports of the reactor. The neutron flux
distribution as a function of neutron energy inside of the CI, TI, and FNIF at 90 kWth is shown in
Fig. 4.1. Knowing the flux profile allows for determining the activities of isotopes activated during
irradiation of samples. The TI of the UUTR at a power of 90 kWth has a maximum thermal neutron
flux of 3.76x1011 neutrons/cm2s. For example, as shown in Fig. 4.2, in the JRR-4 of the Japan
Atomic Energy Research Institute, the maximum thermal neutron flux is 7x1013 neutrons/cm2s [48].
When using low-flux NAA, it is mandatory to develop a methodology to detected trace quantities
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of particular elements and analyze which of the parameters are the most influential in achieving the
most accurate measurements: power level, irradiation time, counting time, sample size, and others.
4.3.2 Correlation Between Reactor Power (Neutron Flux), Irradiation/Cooling
Time, and Detection Limits in Detecting Trace Quantities:
An Example of 60Co, 152Eu, and 154Eu
In order to determine the NAA conditional parameters for detection of trace elements, three
reactor power levels (neutron flux) were selected: 10 kW and 30 kW, with a thermal neutron flux of
1.5x108 and 7.3x109 neutrons/cm2s, respectively, are selected to test if this would result in minimal
activation to detect trace amounts of Co and Eu; and additionally, 90 kW with thermal neutron
flux of 3.76x1011neutrons/cm2s that still represents an overall low power level compared to other
research reactors (as shown in Fig. 4.2). In addition to irradiation time, cooling time of samples
(after irradiation in the reactor) is also a variable parameter that requires optimization. Elements
with short half-lives such as Na may activate to a sufficiently high level to interfere in the detection
of other trace elements requiring longer irradiation times. Finally, counting time is also required
to be optimized. A short counting time is preferred as samples can be analyzed more efficiently.
However, trace elements may necessitate longer counting times.
Three white cement, quartzite coarse aggregate, and silica sand fine aggregate are selected based
on their wide availability. Five samples with a mass of approximately 1g are irradiated for 1, 3, 30,
60, and 120 minutes and at three different power levels using the following method:
 Cement is a finely ground homogenous mixture. Approximately 1g of cement is collected and
sealed in a polyvinyl bag for each irradiation time. Five samples are irradiated at each power
level totaling 15 cement samples.
 Aggregate samples have a larger particle size and are very heterogeneous. Coarse aggregate is
therefore nicely crushed to a fine particle size using a pestle and mortar. The crushed sample is
then mixed to create a semi-homogenous sample from which smaller 1g samples are created.
Five 1g samples are sealed in polyvinyl bags for irradiation at each power level, thus totaling
15 samples. This same process is used for the fine aggregate samples. Irradiated alongside
each cement sample is NIST.
 Irradiated alongside each cement sample is NIST standard reference material 1633c coal fly
ash and 2710a Montana soil with each coarse and fine aggregate sample [56, 57].
After irradiation, all samples but cement-based ones are kept for 1-2 weeks before counting on
gamma spectroscopy equipment. Cement samples are kept for 24 weeks before counting to reduce
a dead time on the detector as well as to reduce interfering signals of short-lived isotopes with high
intensity gamma rays such as 24Na and 56Mn. The samples are counted for three (3) hours in point
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source geometry by raising them 24 cm off the face of the detector. The reason for raising the
samples 24 cm off the face of the detector is due to the high activity of these samples with only a
few weeks’ time for the short-lived radionuclides to decay away. The high activity of the samples
creates as much as 50% dead time on the detector. The dead time can be significantly reduced
to less than 1% by raising the sample off the face of the detector (using a spacer). The use of a
spacer, however, has the negative effect of reducing the intrinsic efficiency of the detector (number
of pulses recorded divided by the number of gamma rays incident on the detector) [58]. As the
samples are allowed more time for short-lived radionuclides to decay away, they can eventually
be moved directly onto the face of the detector without creating dead time and increase the intrinsic
efficiency. In each sample measurement, the activities of all three isotopes are too low to be detected
in the aforementioned geometry. Aminimum detectable activity (MDA) analysis is therefore applied
to each of the counts. The average MDAs for each of the three isotopes is summarized in Table 4.1
and is calculated using the Canberra Genie-2000 software which utilizes the methods developed
by Currie [59]. This software calculates the MDA for each gamma-ray of an isotope and uses the
smallest calculated value. For example, 60Co has two gamma-rays with an intensity greater than
99%. Genie-2000 would calculate the MDA for each gamma-ray and then assign the smallest value







LD = detection limit in counts
T1 = collection live time in seconds
0 = attenuation corrected efficiency
y = the branching ratio of gamma energy under consideration
V =mass or volume of sample
Kc = correction factor for the nuclide decay counting
Kw = correction factor for the nuclide decay from the time the samplewas obtained to collection time
Kx = is an optional correction factor for air samples or irradiated samples and 1 for all other samples
Cf = samplemass conversion factor to translate calculated activity values to the original samplemass
Uf = unit converstion factor fromBq to desired activity units
One of the factors affecting the MDA is the counting time (T1). With three (3) hours of counting
time per each of the samples, the MDA can easily be decreased by increasing the counting time to
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12 or 24 hours. Here is one example:
Demonstrating how MDA can be improved, by illustrating how to calculate the MDA for the
569 keV peak of 134Cs for 1.1 hour of counting time using Eq. 4.2 [60]:
MDA = 406:9
40002:035x10 30:15410:9990:934137000 = 9:36 10 3Ci/g
If, for example, the counting time is increased from 4,000 seconds (1.1 hours) to 86,400 seconds
(24 hours), the MDA is decreased by one order of magnitude as follows:
MDA = 406:9
8640002:035x10 30:15410:9990:934137000 = 4:34 10 4Ci/g
It is therefore shown that increasing the counting time from 1.1 hours to 24 hours decreases the
MDA by one order of magnitude.
4.4 Anlysis of the Elemental Mass Concentrations
To determine the mass concentration, the sample of unknown concentration is compared to a
Standard Reference Material (SRM). The unknown sample can be compared directly to a known













Aunk = activity of isotope interest in the unknown sample
Astd = activity of isotope of interest in the standard
munk =mass of isotope interest in the unknown sample
mstd =mass of isotope of interest in the standard
td =decay time from the end of irradiation to the start of counting
The certified mass concentration values for each SRM used are given in Table 4.2.
As previously shown, the MDA of an isotope can be improved by increasing the counting time.
The intrinsic efficiency or number of detected counts divided by the number of gamma-rays incident
on the detector can also be improved by moving the sample closer to the face of the detector. An
improvement of the intrinsic efficiency and MDA allows for detection of isotopes in trace quantities
with low activity.
The samples of cement, fine, and coarse aggregate irradiated for 120 minutes at 10 kW, 30 kW,
and 90 kW are further studied since theywould have the highest activities of any of the other samples.
This is because the samples are exposed to the highest neutron fluence (120minutes). To improve the
MDA, the samples are each counted for 24 hours while intrinsic efficiency is improved by placing
samples directly on the face of the detector along with their respective standard reference materials.
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In each instance, the activity of the samples is measured to be above the calculated MDA of the
Co and Eu isotopes. This allows for a direct calculation of the Co and Eu activities in the samples
using Eq. 4.3, the results of which are summarized in Fig. 4.3 and Table 4.3. In each instance,
the concentrations were calculated to fall within IAEA established clearance levels. The largest
uncertainty occurs in coarse aggregate samples irradiated at 10 and 30 kW and the fine aggregate
irradiated at 120 kW. The larger uncertainty in these samples is a result of the low neutron flux. This
results in a lower activity to measure and therefore greater uncertainty. The uncertainty is obtained
to be 3 sigma or 99.7% confidence interval. It is calculated using the error propagation formula as
follows:










c = uncertainty of the activity
C =measured activity
s = uncertainty in the peak area
S = peak area
v = uncertainty in the sample quantity
V = sample quantity
0 = uncertainty in the efficiency
0 = efficiency
The sample quantity and uncertainty are a result of the balance used to measure the mass. The
activity and efficiency uncertainty are determined from the detectors calibration. In every instance,
the uncertainty of the samples still falls below IAEA clearance levels. The cement samples have the
smallest standard deviation in their calculated mass concentrations of each of the three samples. The
standard deviation is separate from the mass uncertainty and is used only to compare the calculated
mass concentration between the same materials to determine sameness. The standard deviations are:
0.018 and 0.0025 for the Co and Eu, respectively. The standard deviations for the coarse aggregate
are 0.067 and 0.0092 for Co and Eu, respectively. The standard deviations for the fine aggregate are
0.079 and 0.011 for Co and Eu, respectively. The standard deviations are larger for the aggregates
compared to the cement because of the more heterogeneous nature of the aggregates. While steps
were taken to ensure a more homogenous mixture of coarse and fine aggregates, a much larger
sample size would be required to decrease the standard deviation between the samples.
These experiments indicate that an optimal set of parameters is to irradiate for 120 minutes
at a power level of 90 kW. Although the Co and Eu are detected at the lower power levels, the
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uncertainties are larger than when irradiated at a higher power level. Additionally, the samples
almost must be counted for 24 hours and directly on the face of the detector to maximize intrinsic
efficiency.
4.5 Conclusion
Neutron activation analysis is a common and well-established tool for identification and quan-
tification of elements in trace quantities. Several types of neutron sources can be used to perform
NAA including spontaneous fission sources, neutron generators, and research reactors. Since the
UUTR is a low-power low-flux research reactor it is required to establish a methodology when
quantifying the trace quantities of certain elements. Specific elements of interest are cobalt and
europium present in raw concrete materials. The reason why we have selected concrete as a material
to test the low-flux NAA at our facility is a very recent growing interest in improving the quality
and characteristics of concrete in NPPs. Structural concrete is used as a biological shield in NPP
and as such, becomes radioactive due to exposure to neutrons. The IAEA standards outlined in the
document RS-G-1.7 define the specific activities of artificially created radionuclides that allow for
a material to be disposed of as normal waste or classified as radioactive waste. The defined specific
activities are known as an isotopes clearance level and are defined at 0.1 Bq/g for 60Co, 152Eu, and
154Eu, daughter products for naturally occurring Co and Eu. These three isotopes account for over
99% of the residual radioactivity in NPP decommissioned concrete and therefore present a critical
element to determine their presence in trace quantities in a given sample. Low-flux NAA at the
UUTR is therefore optimized for the detection of these trace elements. The samples of cement,
coarse, and fine aggregate are irradiated at three different power levels (of 10 kW, 30 kW, and
90 kW with corresponding neutron flux values of 1.5x108, 7.3x109, and 3.76x1011 neutrons/cm2s,
respectively) to understand the lowest power level required when combined with the duration of
exposure for a period of 1, 3, 30, 60, and 120 minutes at each power level. The different power
levels and irradiation times provided a threshold set of NAA parameters where trace elements of
an isotope may be detected with acceptable uncertainties. An exact threshold or minimum value
for reactor power level is not strictly recommended as Co and Eu were detected in each instance.
However, at the lower power levels, the largest uncertainty in measuring the trace quantities suggest
that in case of the UUTR, recommended power level is to be 90 kW. Additionally, the experiments
point at 120 minutes of irradiation time and 24 hours of counting as the best combination in detecting
trace quantities of Co and Eu with low uncertainty. It is important that all samples are concurrently
irradiated alongside a NIST standard reference material in order to calculate the mass concentrations
of Co and Eu. Coal Fly Ash was used with cement samples and Montana Soil is used with coarse
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and fine aggregate samples.
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Fig. 4.1: Neutron flux profile as a function of neutron energy in the UUTR irradiation ports
(calculated with MCNP6). The UUTR has a maximum thermal neutron flux of 3.76x1011



















































































Table 4.1: Average MDA for 60Co, 152Eu, and 154Eu for 3 hours of counting in point source
geometry





Table 4.2: Certified mass concentrations of Co and Eu in each NIST standard reference material
1633c Coal Fly Ash 2710a Montana Soil
Element Mass Concentration (ppm) Mass Concentration (ppm)
Cobalt 42:9 3:5 5:99 0:14
























































































































































Table 4.3: Summary of calculated trace concentrations of Co and Eu in white cement, coarse, and
fine aggregates (Fig. 4.3)
Material Power Level (kW) Co (ppm) Eu (ppm)
Cement 10 0.008 0.059
Coarse Aggregate 10 0.001 0.006
Fine Aggregate 10 0.002 0.018
Cement 30 0.005 0.040
Coarse Aggregate 30 0.001 0.010
Fine Aggregate 30 0.007 0.124
Cement 90 0.011 0.076
Coarse Aggregate 90 0.017 0.124




Concrete has widespread use within the nuclear industry and serves many purposes such as
shielding, physical security, containment, and infrastructure support. Nuclear power plants were
originally built with a 30-40-year design lifetime yet economics have now dictated that power
plants have a service life of 60-80 years, presenting unique challenges to concrete used in nuclear
infrastructure. Little can be done to improve existing concrete structures because 50% or more of
ageing concrete problems are related to deficiencies at the time of placement. The most influential
time affecting concrete longevity is the curing phase or the first 28 days following its placement.
An atomistic-based analysis of concrete chemistry was presented to improve concrete structural
properties and longevity.
Concrete chemistry changes that occur when exposed to low-dose gamma radiation during the
early curing stage, the first 28-days following mixing, have been shown in improve compressive
strength. When gamma rays interact with freshly mixed concrete, a substantial amount of free water
to interact with is available. Through the process of radiolysis, free radicals such as H+ and OH- are
created that may be beneficial to improving compressive strength by improving reactivity between
alite, belite, and C-S-H with water and aggregate.
The effects that low-dose gamma radiation has on compressive strength of concrete were studied
by exposing concrete cubes to a 630 MBq 137Cs source. The dose to the concrete cubes from the
137Cs source was determined experimentally to be 0.76 Gy for seven days of exposure and calculated
using MCNP6 to be 0.66 Gy for seven days of exposure. The compressive strength of gamma cured
concrete cubes after seven days showed an increase in compressive strength of 24% with seven days
of exposure. After 14 days of exposure the gamma cured cubes had an average compressive strength
of 76%, while the 28-days concrete cubes showed no difference in compressive strength.
The microstructure of concrete cubes after seven, 14, and 28 days was analyzed using a Scanning
Electron Microscope (SEM). The gamma cured and conventionally cured cubes were found to have
77
similar microstructure. The similarities in the microstructure from the two different curing methods
shows that low-dose gamma radiation does not compromise the integrity of the concrete.
Molecular Dynamics (MD) modeling based on the MOPAC package was used to study how
gamma radiation exposure during the curing stage improves compressive strength of concrete. In-
dividual molecules present in un-hydrated cement and concrete were modeled, and their Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) were
calculated. These values represent the reactivity between different molecules. The HOMO and
LUMO values were calculated with and without free radicals present from gamma irradiation of
concrete. It was shown that the reactivity between un-hydrated cement and concrete molecules
responsible for strength improves when free radicals are introduced through gamma irradiation. The
increase in reactivity between these molecules leads to an increase in overall compressive strength
of concrete.
Concrete chemistry was shown to be controlled by atomistic components ensuring strength is
not reduced by that activation from long-term exposure to neutron flux is negligible. To control
the atomistic components, a methodology was established to detect trace quantities of Co and Eu
in concrete materials using low-flux Neutron Activation Analysis (NAA) in the University of Utah
TRIGA Reactor (UUTR). It was shown that long irradiation time and high neutron flux is neces-
sary to minimize uncertainty in measuring elemental composition of trace elements. By carefully
selecting concrete components that do not contain Co and Eu which activate to high levels after
decades of exposure to neutron flux, the end of life for concrete is improved by declassifying it to
be low-level radioactive waste. The economics of commissioning nuclear power plants built in the
future are directly improved by significantly reducing the quantity of material that must be disposed
of as radioactive waste.
5.2 Future Work
Future work includes some key changes to studying gamma cured concrete. While the same
mix design was strictly adhered to for all concrete mixtures, differences between batches have been
shown to be significant, making it difficult to compare seven, 14, and 28-day compressive strength
values to each other. These inconsistencies are most likely a result of changes in the source of fine
aggregate used in mixing. Due to limitations in the size of the gamma irradiator, only 12 concrete
cubes may be accommodated at one time. Future mixes should be divided into three sections where
four cubes are tested at seven days, four at 14 days, and four at 28 days. The same schedule follows
for conventionally cured cubes. This method will allow for seven, 14, and 28 days cured cubes to
be directly compared to each other to better understand how gamma curing affects the entire curing
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period. The ability to directly compare is a result of the aggregate being consistent for all concrete
cubes.
Future Molecular Dynamics (MD) modeling should expand on the molecules modeled. Several
forms of C-S-H exist with differing reactivity. FutureMDmodeling can also determine the stress and
strain of different molecules when loading is applied. The stress and strain of the molecules could
be correlated with improved compressive strength. The simulations can also help determine which
forms of C-S-H are strongest with future simulations determining how to optimize the formation of
the strongest forms of C-S-H.
Low-activation concrete should also be further studied. The University of Utah TRIGA Reactor
(UUTR) has recently repaired its pneumatic irradiation port. This port has lower flux than many
larger reactors, but the flux is higher than exists in the thermal irradiator. This port also allows for
more efficient transportation in and out of the UUTR. The same experiments conducted in this port
could further optimize the process of studying for trace element content in concrete materials.
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